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A research survey was conducted, consisting of six transects between 38°- 46°S and 38 -
41°45'E, during the austral autumn of 2007. The aim of the survey was to investigate the 
physical, chemical and biological dynamics of the Subtropical Convergence (STC), in the SW 
Indian sector of the Southern Ocean. Satellite data was obtained and in-situ data were 
collected. Mixed layer depth (MLD), geostrophic velocities, density and Brunt Vaisala 
frequencies were calculated. The STC meandered across the survey area between 41 ° -
42°15'S. The total integrated Chl-a ranged from 12.8 to 40.1 mg Chl-a/m2. The most 
significant correlation between biological and physical data was that of Chl-a and MLD (r=-
0.374, n=45, p=0.013) over the entire survey region. Phosphate and nitrate (r=0.8779, n=45, 
p<0.001) measured over the survey region were strongly correlated, as expected. The 
surface currents showed cyclonic motion between 38° - 39°E and 38 - 42°S, with the 
exception of an eddy-like feature between 39.5°and 40.5"S and generally anti-cyclonic 
motion to the east of 39°E. Satellite imagery showed an intrusion of colder surface water to 
the north along 39°E and this coincided with an increase in the satellite Chl-a data and a 
higher observed integrated Chl-a concentration compared to the rest of the survey region. 
Subtropical, Subantarctic and Mixed water masses were identified and the physical, 
chemical and biological data were compared. Integrated Chl-a concentration (mean) in 
Subantarctic water was significantly higher than Subtropical water (p<0.0001). Integrated 
Chl-a concentration (mean) in Mixed water was significantly higher than in Subtropical water 
(p=0.02). The MLD (mean) in Subantarctic water was significantly shallower than in the 
Subtropical (p=0.02) and Mixed water (p<0.001). Within the different water masses, the most 
notable correlation was between nitrate and phosphate concentrations in the Subantarctic 
water. The evidence suggests that the major factors in controlling Chl-a concentration at the 
STC are MLD and nutrient availability. These requirements are governed by the water mass 











Chapter One - Introduction 
Physical Setting of the Southern Ocean 
The Southern Ocean is the name given to the oceanic region that surrounds the entire 
Antarctic continent. It comprises the southern extents of the Atlantic, Indian and Pacific 
Oceans. The Antarctic continent forms the southern boundary of the Southern Ocean, 
while the northern border is not physio-graphically fixed, but is usually considered to 
coincide with the geographic location of the Subtropical Convergence (Lutjeharms 1985). 
Dominating the flow of the Southern Ocean is the Antarctic Circumpolar Current (ACC) -
which, extending unbroken around Antarctica is the primary means by which heat and 
salt are transferred between different ocean basins. The ACC is the only ocean current 
that flows around the entire globe and includes a number of different frontal zones 
(Figure 1). These fronts are regarded as boundaries separating uniform water masses 
(Lutjeharms, 1985). The Subtropical Convergence (STC), also known as the Subtropical 
Front (STF), is identified as one of these frontal zones and is considered to be a major 
front in the global ocean (Lutjeharms et aI., 1993). 
The Subtropical Convergence 
The STC represents the northern boundary to the Southern Ocean. It is the main 
boundary that separates warm Subtropical waters from cooler, less saline Subantarctic 
water masses to the south. The geographic position of the front in the different ocean 
basins is largely determined by the topographical steering of the ACC (Gordon et aI., 
1978). Additionally, the wind stress curl plays a role in the determination of the frontal 
positions (Nowlin and Klinck, 1986) through the intensity of the drag created by the wind 
blowing over the surface. Changes in wind speed or duration consequently affect the 
intensity of the frontal positions (Trenberth et aI., 1990). The position of the STC in the 










the maximum westerly wind stress curl in the Southern Ocean (Peterson and Stramma, 
1991). Although the Subtropical Convergence circles most of the globe, geographically, 
its intensity varies considerably (Belkin and Gordon, 1996). In the South Atlantic, for 
instance, it is weak (Smythe-Wright et aI., 1998) and ephemeral, consisting of two fronts, 
the North Subtropical Front (NSTF) and the South Subtropical Front (SSTF), whereas 
south of Africa between 100-700E it is enhanced by the juxtaposition of the warm 
Agulhas Return Current (Lutjeharms and Ansorge, 2001). 
Table 1 Definitions of the mean position of the surface expression of the STC. 
Source Mean Location 
Belkin and Gordon (1996) -38 - 42°S 
Lutjeharms and Valentine (1984) -400S 
Meridional gradients in temperature and/or salinity can be used to describe and assess 
the intensity of the frontal zones within the ACC (Roden, 1975; Longhurst, 1998). The 
intensity of these gradients correlates to where the Southern Ocean is in close proximity 
to the continental masses of the southern hemisphere e.g. Africa (Lutjeharms et aI., 
1993). Where the fronts occur in the ocean basins, the meridional gradients are much 
weaker; an example of this would be the observed weaker gradients of the STC across 
the Atlantic Ocean (Smythe-Wright et aI., 1998). The area between 1QoE and 700E 
exhibits more intense gradients than the other regions of the STC (Lutjeharms and 
Ansorge, 2001). This intensification of the STC is demonstrated by salinity gradients 
exceeding 0.06psu/km (Lutjeharms and Ansorge, 2001) and temperature gradients of 
0.15°C/km (Lutjeharms and Valentine, 1984). The intensification along this section of the 
STC is attributed to the southward advection of the warm, saltier water from the 










results from a recent study (Alcock, 2006) indicated that the geographic position of the 
STC demonstrated a seasonal pattern. A southward migration of the front was observed 
in the austral summer and spring months and this was followed by a northward position 
during the austral autumn and winter months (Alcock, 2006) 
Fiqure 1. The subsutface (200m) expression of Ihe main frolltal bands j,) llie S01HI>&m Ocean. Fro,HS a,~ 
mp,~s~nted I!y tne follOWing 81"", lin~ der>Oles Ih~ 10' C sub,utface eo,,, of Ih~ S"l>trop;'ol Converg"'lCe 
(STC), I!lu~ ,Jt:noles the 6' C sub'utfac~ cO(~ of Ih~ Subanla,cYic (IOnl (SM) and the dashtJ<J red Iin~ 
denoo., the 2' C s"l!surfucc eore of the AntarctIC Polar F({)fll (APF) 
Morrow et al. (2004) stated that the STC plays a role in the eddy heat flux/transfer across 
the oceans through the detachment of meso-scale, cold-core eddieS from the 
Subantarctic zone south of the STC. The cold-core eddies are responsible for moving 











warm Subtropical waters polewards. A secondary role of these eddies is apparent in the 
transfer of salt between water masses. The salt transfer associated with these eddies 
plays an active role in influencing the physical, chemical and biological structure of the 
water column across the STC zone (Morrow et aI., 2004). 
The influence of the STC on biology and climate 
The Southern Ocean plays a vital role in influencing climate conditions due to its large 
extent and the associated influence on the CO2 levels through the solubility and 
biological pumps. There are two ways that carbon is taken up by the oceans from the 
atmosphere; 
(i) through the solubility pump where CO2 in the atmosphere dissolves into the 
surface water; 
(ii) through the biological pump, where CO2 is taken up during the growth of 
phytoplankton and converted into biological matter where it either settles and 
sinks or gets taken up by other organisms (Longhurst, 1991). 
The Southern Ocean is considered to be the largest region in the world (Blain et aI., 
2008) and is said to have a large influence on climate dynamics (Dower and Lucas, 
1993). The influence of the Southern Ocean would be larger if it was not for the high-
nutrient low chlorophyll-a (HNLC) characteristic that is experienced in this region. The 
HNLC areas in the ocean have high nutrient (in particular nitrate) concentrations all year 
round which is necessary for phytoplankton production but does not show the expected 
or associated high level of primary productivity (Bathmann et aI., 2000). The Iron 
hypothesis suggests that the reason for the lower than expected primary productivity in 
this region is due to the limited iron supply in these areas (Boyd et aI., 2000). A large 
research drive has focused on this hypothesis and the possibilities of iron fertilization in 
these HNLC areas to mitigate the increased anthropogenic CO2 production (Boyd et aI., 
2007). Recent studies have used radium isotopes to track the iron fertilization and 










However in 2009, Pollard et al. (2009) showed that the actual amount of carbon 
sequestered through artificial iron fertilization was considerably less efficient than that of 
a naturally fertilized region, as previously estimated by Buesseler and Boyd (2003). 
Due to the increased mixing and thus increased biological activity recorded in the region 
of the front, the STC is recognized as an area of increased carbon drawdown from the 
atmosphere (Metzl et aI., 1999) and possibly one of the major carbon sink areas in the 
world ocean (Dower and Lucas, 1993). Debaar et al. (2005) completed a comparison of 
eight iron experiments where it was suggested that the carbon drawdown is inversely 
related to the depth of the mixed layer which defines the light environment. The deeper 
wind generated mixed layer was especially influential on the biological productivity in the 
Southern Ocean. It was suggested that the sea surface irradiance, temperature, grazing 
and lateral patch dilution all play a role in biological productivity and hence carbon 
drawdown (Debaar et aI., 2005). Boyd et al. (1999) suggested that the two main factors 
controlling diatom growth in the springtime are irradiance and iron. Furthermore, during 
summer, the irradiance increases and iron, iron-silicate co-limitation or silicate limitation 
is said to determine the diatom growth (Boyd et aI., 1999). 
The STC is generally considered as a region of increased biological activity, as can be 
seen from increased phytoplankton, zooplankton and nekton numbers (Weeks and 
Shillington, 1996; Froneman et aI., 1999). More recently, Llido et al. (2005) have shown, 
using both satellite observations and a N-P-Z-D (dissolved inorganic nutrient, 
phytoplankton, zooplankton, detritus), nitrogen based, biological model (Oschlies and 
Garcon, 1998) coupled with a three dimensional physical model output (Biastoch and 
Krauss, 1999), that primary production in the vicinity of the STC takes place episodically. 
The development of the algal blooms appears to be mediated by increased water column 
stratification (Llido et aI., 2005). Additionally, the horizontal advection of phytoplankton, 










on occasion can cause self-shading and thereby restrain additional growth (Llido et aI., 
2005). 
The STC zone is the region where a unique biological habitat exists as a result of the 
close proximity of both Sub-Tropic and Subantarctic water masses (Longhurst, 1998). 
Past investigations (Frontier, 1977; Zubova and Timofeev, 1991) have studied the 
influence of the convergence of Subantarctic and Subtropical water masses on the 
development of the local pelagic fauna (Bartle, 1976). An enhanced pelagic community is 
also evident in the STC region south of Africa (Barange et aI., 1998). The diversity and 
distribution of the phytoplankton, zooplankton (Froneman et aI., 1995), fishes (Roberts, 
1980) and birds (Pakomov and McQuaid, 1996) across the frontal zone results from the 
STC acting as a biogeographic barrier (Fiala et aI., 2003). The sharp gradients in 
temperature and salinity and thus density, which are typically associated with the STC, 
prevent the latitudinal migrations of both warm and cold species across the STC, thus 
acting as a biogeographic barrier to the distribution and cross-frontal advection of 
plankton (Froneman et aI., 1997). 
The need to undertake "ground-truthing" measurements 
The STC is a dynamic and complex region and one of global importance in regulating 
climate due to the increase in biological activity in this region (Dower and Lucas, 1993; 
Gille, 2002). It is not fully understood how the physical-chemical dynamics and biological 
enhancements interact with each other and how the mechanics of these processes occur 
at the STC. Recent studies using remote sensing and physical-biological coupled 
models, e.g. Llido et al. (2005) and Alcock (2006), have been fruitful but direct 
observational evidence and our understanding to date still remain rudimentary. Thus it is 
important to conduct in situ hydrographic observations in this region in order to 
understand the relationship between physical and biological processes. A specific benefit 










physical and chemical structure throughout the water column. This capability is essential 
in order to further corroborate remote sensing and model outputs in order to improve our 
confidence in their findings. 
A research survey was conducted north of the Prince Edward Islands in the South-west 
Indian sector of the Southern Ocean during the austral autumn of 2007. The aim of this 
survey was to investigate the physical, chemical and biological dynamics of the STC, in 
the region south-west of Africa .. 
The aim of this study is to present the data collected during the survey and compare the 
physical, chemical and biological data with satellite data. In addition, the physical and 
chemical setting at the time of the survey will be studied to better understand the role the 
STC has on the biological setting of this region. The objective of the research survey was 
to study an enhanced primary production event, specifically trying to understand the 
dynamics, despite the lack of historical observations, and the mechanics controlling the 
genesis and gradual deterioration. In an area where joint physical and biological data are 
sparse, any in-situ observations will contribute to the greater understanding of the 
enhanced primary productivity dynamics occurring at the STC. This study aims to 
address these uncertainties in the following key objectives. 
Key Objectives 
(a) An examination of the events preceding and following the survey - to determine 
whether the region has experienced an enhanced primary production event and whether 
or not there are any significant meso-scale physical phenomena like eddies in the region. 
(b) A description of the physical environment at the time of the survey - to locate the 











(c) Determining how the STC acts as a transitional zone to nutrient types and 
concentrations - to determine the influence of the STC on the distribution of nutrients 
across the region, and thus the availability of essential nutrients for primary production. 
(d) A description of the biological environment and an examination of the relationship 
between the nutrients, phytoplankton and mesozooplankton distributions - to determine 
whether or not the nutrient concentrations correlate to the phytoplankton and 
mesozooplankton abundance or if there are other factors that are influencing the 










Chapter Two - Materials and Methods 
In order to address the key aims outlined in the previous chapter, physical chemical and 
biological data were collected across the STC. The aim of this study was to compare 
physical-chemical-biologk:al data collected durirlil the survey, with the aid of satellite 
data. 10 aid in the understanding of the role that the STC had on the biological setting of 
this region. 
Data were COllected onboard the research and supply vessel the SAAgulhas during 
early austral autumn (17 April to 28 April) in 2007. The region surveyed consisted of six 
transects between 38"· 46°$ and 38 - 41 °45'E with alternate CTO (Conductivity-
Temperature-Depth) and XBT (Expendable Bathythermograph) stations occupied at 15-
nautical-mile intervals (Figure 2); Transect line 1 al 38°E, Transecl 2 at 3875°E, 
Transecl 3 at 39SE, Transecl 4 al 40.25°E, Transecl 5 al 41°E and Transect 6 at 
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Figure 2 Map SOOWII>(j the location of stations (CTD - Qreel) dots) and XBT (",d tnHngI~S) occupr~d dtim>g 










Physical and chemical in situ data 
A total of 54 CTO stations were occupied across the region of interest. Vertical profiles of 
salinity, temperature and density measurements were obtained with a Seabird SSE 9/11 
underwater unit at each station. The descent speed was at a maximum of 1.2m/s and the 
CTO was deployed to a maximum depth of 1500m. The SeaSave data acquisition and 
display system was used to collect the CTO data. The CTO was calibrated before and 
after the survey. The CTO rosette consisted of 10 8-litre Niskin bottles. At each station, 
water samples were taken on the up-cast, by closing the Niskin bottles, on average, at 
depths of 1500, 1250, 1000, 750, 500, 150, 100, 75, 50 and 25m. When the CTO rosette 
was brought on board, the water samples were immediately extracted from the Niskin 
bottles for oxygen concentration measurement. The volume calibrated iodine flasks were 
rinsed twice using the drawing tube and then filled to overflow. These samples were 
analyzed onboard for dissolved oxygen content using the Winkler method. The samples 
were spiked with 1 ml MnCI2 and 1 ml Nal and left to stand for approximately 30 minutes. 
The samples were then spiked with 1 ml sulphuric acid and titrated with thiosulphate to 
determine the oxygen content of the sample. The thiosulphate solution was standardized 
during the survey. The dissolved oxygen concentration was measured using the 
Metrohom Oosimate 650 coupled to a 2-beam photometer and operated through a 
Sensoren Instrumente Systeme GmbH (SIS) software package. Further water samples 
were collected from the Niskin bottles at each depth to measure the nitrate (corrected for 
nitrite), silicate and phosphate concentrations. These water samples were taken from the 
Niskin bottles and were frozen on board. The water samples were later analyzed in the 
laboratory according to the method described in Grasshof (1983). A few bottles failed to 
trigger at some stations and some were lost due to entanglement in lanyards. A number 
of electronic faults with the seabird CTO resulted in transect 2 being sampled with an 










In between CTO stations, a total of 66 XBTs were deployed to a maximum depth of 
900m within the survey area (Figure 2). The Sippican hand launcher was used to deploy 
Sippican T7 XBTs. These XBTs were acclimatized beforehand by storing them on the 
outer deck. The acclimatization of the XBTs was carried out to minimize the possibility of 
spiking in the surface layers. The XBTs measured the temperature of the water with 
depth. The data were obtained using the Sippican Mk12 data acquisition system using 
the NOAA AmverSeas 2000 software interface. 
Biological data 
Water samples were collected at the surface of the ocean with a Crawford bucket at 
each station. The chlorophyll-a (Chi-a) concentrations were fractioned by passing 250m I 
water samples through serial filtration and divided into micro-(>20IJm), nano-(2-20IJm) 
and picophytoplankton«2IJm). Chl-a was determined fluorometrically after extraction in 
90% acetone for 12 hours (Holm-Hansen and Riemann, 1978). The total Chl-a 
concentration at 25, 50, 75, 100 and 150m were measured using water samples 
collected by the CTO. The Chl-a concentrations were then integrated to approximate the 
amount of areal Chl-a in the region. 
The mesozooplankton abundance was determined from samples collected using a 
Bongo net which was fitted with 200IJm mesh size. The net was attached to a Universal 
Underwater Unit to monitor depth and a mechanical flow meter to determine the volume 
filtered during each sampling tow. The tows were performed to depths of 200m at night 
and 300m during the day, to account for the diel vertical migrations of the zooplankton. 
The zooplankton samples were bottled and preserved in 6% buffered formalin 











Sea surface temperature (SST) data and surface chlorophyll-a data were collected from 
the MODIS AQUA passive satellite instrument via ftp://oceancolor.gsfc.nasa.gov 
(Feldman, 2007). Level 3 daily, 4km resolution data were collected for the period of 3 
April to 12 May 2007 and the SEADAS program was used to extract and view the data 
(8aith, K., 2001). It was decided to use the QF 2 data for the SST images in order to 
minimize cloud cover. The satellite data were downloaded and the extraction and 
visualization of the data was completed using SEADAS. 
Surface wind data maps were collected from the QuikSCAT website: 
manati.orbit.nesdis.noaa.gov/quikscatl. The measurements are taken at 10m reference 
height from satellite passes, using the NASA/JPL's SeaWinds Scatterometer aboard the 
QuikSCAT and processed by NOAA/NESDIS (manati.orbit.nesdis.noaa.gov/quickscat). 
Daily satellite images were visualised and examined in order to determine whether or not 
the region had experienced an enhanced primary production event at the time of the 
survey and whether or not there were any significant meso-scale physical phenomena in 
the region. A number of the images were not as useful as others due to excessive cloud 
cover and it was decided that five-day composites of the region would be collated in 
order to minimise cloud interference. In addition, QuickScat wind data from the 
website http://manati.orbit.nesdis.noaa.gov/quikscatl was sourced for the period 3 April -










Analysis of physical, chemical and biological data in relation to the STC 
In order to establish the location and intensity of the STC, the nature of its geostrophic 
flow, as well as the STC's influence on the cross-frontal distribution of nutrients and thus 
the availability of essential nutrients for primary production, the following method was 
applied. The criterion for determining the location of the STC according to Belkin and 
Gordon (1996) is where the 10° C isotherm intersects 200m. 
CTD, XBT, Chi-a, mesozooplankton and nutrient data were imported into the Ocean 
Data View (ODV) program. The temperature, salinity and nutrient data were plotted for 
each transect line and across the region, at the surface and at depth. The location of the 
STC according to Belkin and Gordon (1996) is where the 10° C isotherm intersects 
200m. Geostrophic currents were calculated and plotted in ODV. Temperature/Salinity 
diagrams were plotted for notable stations. Mixed layer depth (MLD) was identified by a 
0.2°C change in temperature from a reference depth of 10m (DeBoyer et al. ,2004). 
DeBoyer et al. (2004) conducted a comprehensive study on the MLD determining 
specific criteria to describe the MLD. The study concluded that a change in temperature 
of 0.2°C with depth is a suitable criterion for determining the MLD. A reference depth of 
10m from the surface was used. Density, Brunt Vaisala and Potential temperature were 
calculated using ODV and plotted. 
Statistica 8 (Statsoft 2002) was used to investigate relationships between physical, 
chemical and biological variables, and to determine whether the nutrient concentrations 
were correlated with phytoplankton and mesozooplankton abundance, or if there was 
another factor that was influencing the phytoplankton and mesozooplankton distribution. 
Nutrient. oxygen and Chl-a data were integrated to 150m. Mesozooplankton data were 
transformed using the root-root method, i.e. sqrt(sqrt(ind/m 2)) (Statsoft, 2002). The data 










test and the Levene's test, respectively. Pearson's product moment correlations were 
conducted on the data to assess the relationship between the variables. 
Criteria for water mass identification 
The data were divided into different water masses identified by their salinity and 
temperature characteristics. Subtropical Surface Water (STSW) has characteristic 
salinities between 35.5psu and 34.6psu (Darbyshire, 1966) and lies between 15 and 
24°e and Subantarctic water masses display a maximum subsurface salinity of 
34.5psu and temperatures below 14°e. Mixed water has salinity between 35.2 and 
35.3 with temperatures between 14°e and 1 re. These water masses were then 
tested for significance of difference using the biological and nutrient data. A One-way 
Model 1 ANOVA was performed on these data. Further analysis between the 
variables within these water masses was conducted by using Pearson's product 
moment correlation. 
A post hoc test, Tukey HSD test, was performed for the grouped data and Bonferroni 
adjustment of significance values was completed for all the statistical analyses. 
In accordance with this method, we have confidence in drawing comparisons between 










Chapter Three - Results 
The STC is a dynamic and complex region and one of global importance in regulating 
climate through the heat and mass exchange across the oceans and associated 
biologically driven carbon sink (Gille, 2002; Dower and Lucas, 1993). It is not fully 
understood how the physical-chemical dynamics and biological enhancements occur 
and interact with each other or what the mechanics of these processes are at the 
STC. Results presented here address and describe features and interactions of the 
physical-chemical and biological variables during the austral autumn. 
Physical setting of the survey region 
Satellite imagery of Sea Surface Temperature (SST) and Chl-a were examined over 
the survey period (Figure 3). The broader region showed high variability associated 
with the STC as a result of extensive meandering, pulsing and/or pinching off of a 
cooler Subantarctic water masses northwards (Figure 4). The area between 36°S 
and 46°S and to the west of the region at 25°E - 500 E demonstrated the most 
variability with an extensive train of meanders and filaments extending eastwards. 
Satellite data images of SST were examined over the period 3 April - 12 May 2007. 
Initially, the satellite data showed little evidence of meandering over the survey 
region. The temperature and Chl-a gradients followed the latitudinal plane. Over the 
next five days (8 - 1 ih April), meandering of the STC was evident and Chl-a was 
almost absent. The following five days (13 - 17'h April) showed an increase in Chl-a 
concentration associated with the generation of a cold filament over the survey 
region. The increase in Chl-a continued over the following five days(18th - 22nd April) 
during the survey and was associated with this colder feature that was evident at 38°-
39°E, 38° - 40 0 S. The increase in production associated with this feature gradually 










• 38' S The following day5 showed 41 decre(l5e in Chl-a Ievel5 over lhe region The 
ploblem of doud cover was very plonounced at this pmnt and continued 10 be 50 
unul the 12'" May 2007. 
A composite of the SST sate llite data showed a colder «IS' C) water filament 
extending northwards along the 3S' E transect which corresponded to the survey 
findings Figure 3 shows the cold water as a filament extending northwards to 37'S 
for the penod 17-21 Apnl 2007 Data from transeCl 1 (36' E). which e~lended along 
the filament. showed temperatures ranging from (I maximum 01 19 .26' C at 40 12' $ to 
a minimum 01 6 .72· C OIl 46' S A region of cooler water was eVident where the 
surface temperature dropped to 16.2'C al 39 24°S and rose to IS 'C at 38' S, 10 the 
north west of the survey region 
Figule J: Composile ,m~ge of mean oi SST ov'" Iha period 17·21 Apfll 2007 Show"'fJ 










The geostrophic currents (Figure 4) further corroborated the SST findings with a 
distinct mixture of both anti-cyclonic and cyctonlC flow associated with the filament 
extension, An anti-cyclonic flow was Observed associated with the warm feature at 
approximately 40·S and 3S'E 
r.mperoWrt rCj@Depth{mj.Tcp 
Figure 4, Geostropllic cllrrents (cmls) overlaid OIl SST lor the SliNey reglOfi 
Geostrophic velocities for transect 1 (Figure Sa) and transect 4 (Figure 5b) were 
examined, These two transects represented the different sections of the region and 
were referenced to 1500m; Transect 1, the area where the STC was further north 
and where the colder feature was evident and transect 4, where the STC was further 
south and no features were evident Transect 1 showed the STC at 41·S with 
easterly velocities between 40-5Ocm/s In contrast, further north, the velocities were 
slower, between 0 and 1Dem/s, from 40.25· S - 3goS and e~h l bited a westerly flow. 
Along transect 4 easterly velocities associated with the STC had a maximum speed 
of 5Dem/s at 40.5·S and slowed to around 10cm/s around 425"S, The maximum 










further south. It was evident that there was a large amount of variability in the 
position direction and speed of the currents over the survey region. 
Geos/r. Vel. [em/51 
Figure 5 a VertICal section showing the geoslrophlc velOC:llies (referenced to 1500m) in cmls 
far tral)sectl (3S"E) 
Geostr. Vel. [cm/s1 
Figure 5 b' VertICal section sOOwing geaslraphic velocities (referenced to 1500m) in cmls for 
trans9Ct 4 (40.2YE) 
The STC was positioned at 41°S and 38°E along transect 1, and then appeared to 
shift southwards to approximately 42.25°S and 39SE along transect 3. It meandered 
considerably throughout the survey as seen by its subsurface expression of 10"C 
(Figure 6a). The Agulhas Retroflection Current was evident from 39's"E - 41.75"E 










b<Jundary, tYPical of the STC, between fresher Subantarctic waters and saltier 
Subtropical water masses to the north. The survey region ranged from Subtropical 
waters to the north into the Subantarctic region, As a result the following water 
masses and associated temperature and salinity signatures were encountered. 
Tpot-O fCJ@D.pth[m]=200 Sal;II;ty [pSUJ@Deplh[m]=200 
I'i IOJ 
Figure 6 Potential temperature ("C) (a) and salinity (b) measured in practical salinity units 
(psu) at a depth of 200m within the survey area, The black dols represent the station 
positions ill the survey area , 
Brief overview of water masses associated with this region 
Subtropical Surface Water (STSW) has a characteristic temperature range of 
between IS"C and 24"C and salinities between 3S,Spsu and 34,6psu (Darbyshire 
1966). 
Agulhas Water (AW) temperatures range from 14 to H "C and salinity between 
3S,2psu - 3S,3Spsu (lower in salinity due to the fiver run-off from the continent) 










Subantarctic Surface Water (SASW) and Antarctic Surface Water (AASW) (Holliday 
and Read, 1998) vary in characteristics seasonally and zonally - both exhibit lower 
temperatures in winter and lower salinity further south due to the input of fresher 
water via precipitation and ice melt water (Deacon, 1937; Read and Pollard, 1993). 
Water masses observed during this survey 
Subantarctic water masses display a maximum subsurface salinity of 34.Spsu while 
Subtropical water masses have salinity values of a minimum 3S.4psu. The STC 
showed the characteristics of SASW water masses to the south of the survey region 
at approximately 41°S, STSW to the far north of the survey region and an area of 
mixed water exhibiting salinity values between the two water mass saline 
characteristics. These temperature and salinity characteristics of the different water 
masses mentioned above are used to divide the collected data into the different 
water masses for analysis. 
Figure 7 further corroborated these temperature and salinity characteristics. The TIS 
diagram (Figure 7) of Station 91 at 39.SoS, Station 99 at 41.SoS and Station 10S at 
43°S along 42°E showed the characteristics of the different water masses. Figure 7 
further highlights the strong physical signature associated with the STC, which 
separated the Subtropical zone from the Subantarctic zone. 
Station 91 had characteristics typical of Subtropical water, approximately 20°C and 
3S.4psu. Station 10S is characteristic of Subantarctic waters, approximately 12°C and 
34.Spsu with a maximum subsurface salinity of 34.6Spsu. Station 99 showed a 
mixture of these water mass characteristics between AW, Indian STSW and Atlantic 


























Figure 7 TIS diagram of throe statIOns, 91 99 105 along transect 8 (41 . 75°E) and thus 
typical of tile different frontlJlzOIles encountered along this transect 
The colder feature was also evident in the temperature section along transect 2. at 
38.75°E (Figure 8a). The 12"C Isotherm showed that the colder water mass was 
present at the surface at 40,75"S and extended further south to 43"S, The 16<C 
isotherm was at the surface at approx 40.25°S This shows the extent of the 
northward movement of the colder water along transect 2. Transects 2-6 (not shown 
here) exhibit 16'C at the surface at much lower latitudes (41 5'S-42'S) than 
transects 1 and 2 (Figures 8a and b), Transect 1 (Figure 8b) showed the colder 
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Figure 8 (a) Potential temperature (' C) is dJsplayed for transect 2 (38 75'E) (b) Potential 
temperature ( ' C) is displayed for trllflseci 1 (38'E) with depth (reference press<Jre of 
1 OOOdb). The sampling frequency for Ihe stations are displayed wilh black vertical lines. See 
figull! 2 for transecllmes and appendices for other transecllme figures 
An area of increased temperature at 38°E between 39,75· S and 40SS including an 
increase in salinity was evident (Figures 6a and b) In addition, a line of decreased 
temperature (12°C) and salinity (35,25psu) along 39°E along 385" ' 41°8 was 










The density of the water (at 200m) over the survey area is represented in Figure 9b. 
This region was Characterised by water of a lower density (26.4I<.g/m') which lies to 
the north e<ls! of the survey region ,mel at the feature located at 40°8 allel 3S·E. A 
tongue of dense water, above 26.6 kglm' between 380 and 39°E was evident. The 
area to the south of the STC was associated with denser water <lbove 26.4 kglm' , 
The Brunt Valsala frequellcy, which measures the frequellcy at which a vertical ly 
displaced particle will oscillate within a statically staOle elwironment (i,e. the vertical 
stratification), for the survey region is represellted in Figure 9a The region to the 
south of 41"8 shows Brunt Valsala values of less th,m 1-1 .5 cycleslhr <lcross the 
survey region To the north of 41'S the Brunt Valsala frequencies range from 2-
3cycleslhr, with the exception of the region ~t 38.S - 39'E where the values are 
between 1-1 Scycleslhr (Figure 9a) 
,I 101 
Fig<lre 9 Bf<lnt-Vaisala (a) and DenSity (b) s<lrface plors at tile dept/i 01 200m, biack dots 










Figure 10 Mix ed layer aepr (MLD) ill me/res across IIle six transect lines of the sUNey region 
The deepest MLD of 101m was measured at 41 5 0 S and 41°E and the shallowest 
MLD. 11m, at 42"S and 41 ,75'E. Transect 5 (41°E) showed the highest and transect 
3 (39SE) showed the lowest variabil ity in the MLD (Figure 10). The MLD in 
Subantarct ic water was obsef\led to be significantly shallower than in the Subtropical 
and Mixed water (F=9.213; p<O.OOl). 
Quikscat wind data were sourced for the sUf\ley region and showed high Wind 
speeds, between 25 and 40 knots two days before the sUf\ley (15 th Apri l 2007), The 
wind speeds over the sUf\ley period reduced to between 5 to 15 knots, The wind 
speed increased again from the 28'" of April to 30" April to between 25 and 45 knots 
Chemical setting of the survey 
The concentrations of the nutrients, silicate, nitrate, phosphate and oxygen were 
measured through the water column , The integrated nitrate, phosphate, si licate and 
oxygen concentrations (Figure 11) over the sUf\ley region are shown in Figure 11 (a-
d) , Nitrate concentrations ranged f rom 06 ~M to 16, 1 ~M, The sil icate con centrations 










0.2.5 .. M and 1.54 .. M Oxygen concerltrations ral'lged from 2.8mlll and 7.4mllt 
Oxygen, nitrate and phosphate cOr'lcer'ltrallOns were higher to the south of the survey 
region arid south of the STC. The STC seemed to act as a barrier to nutrient trarlsfer 
Sil icate concel'ltration, however, did not show the same distribution patterns as the 
other nutrient concentrations Sil icate concel'ltration did not show ar'ly link to the 
position of the STC as the silicate concentration was varied across the entire region. 
The lowest silicate cOrlcentration was to the south of the STC Highe r levels of 
phosphate, sil icate and nitrate concentrations were also evident at 38 ' S and 38 ' E 
0' 











FlfJure 11 ill1egrated Oxygen (ai. measured in mliL, phosphDte (bi , nitrate (e) and silicate (d) 
moasurod In 11M. concentrations across the Imtire survey region 
Vertical sections of the nutrients and oxygen were plotted In OOV (Appendix 6) The 
nutrient concentrations displayed the fol lowlI1g characteristics; nitrates, sil icates and 
phosphates increased in concentration with depth whi le oxygen concentration 
decreased with depth Nitrates and phosphate concentration appeared to follOW the 
Isotherms in most transects. 
Biological Setting of the survey 
The surface Chl-a concentralion ranged from 0 03 to 0.42~gChl-a/l while that of the 
integrated Chl-a ranged from 12 .8310 40.07mgChl-alm'. Spatial ly. there appeared to 
be a higher integrated Chl-a concentration to the north-west 39°8 and 38 ' E, and to 










The integrated mesozooplankton abundance ranged from 3935 indlm' to 
308521indlm' at 39'S and 38'E (Figure 12b) There appeared to be a region of 
higher abundance to the north west of the survey region around 38 - 40'S and 38-
39' E. 
lluo,Zoopl. nklDn 0 Ooplh {mj-nrsl 
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Figure 12. Integrated Chl-a concentration (a) (mg/m2) and meso100plankton abundance (b) 










The satellite image showing the Chi-a concentration (Figure 13) also showed a 
plume of comparatively higher Chi-a concentration over thiS period at 38" - 40·S, 
38"- 39°E. The maximum value of Chi-a measured was 046mglm' at 4S.1rS and 
the minimum was o.18mglm' around 41.25°S Chi-a value rose up to Q.42mglm" at 
38.3·S (Figure14). 
Figure 13 Satellite image showillg Chl-a mean values for 17 - 20 Aprii 2007 and red line 

















SST & Chl-a along transect 1 





Figure 14. SST and Chi-a mean vaJ""s measumd by satflililfl f"ellJ{)te sensing for the p8r1od 
17-21 April 2007 
Relationships between the physical , chemical and biological variables 
The relationships between the physical. chemical and biological variables measured 
over the survey showed varied correlations (Appendix 1) The Bonferroni correction 
was appl ied to the statistical results (Table 2). The Bonferonni correction for the 
significilnce values of the correlations were calculated as follows Seven correlalion 
tests were performed for each water mass. The accepted significance level is 5%, In 
order for a result to be dassified as significllnt the probability of getting the result the 
chance for the Significant result should be 0.0517 '" 0.007. The Bonferronni correction 
therefore states that the highest sigmficant value (first rank) seen in the statistics 
table is only significant if p<0.007. For the second most significant result, seen in the 
statistics table, is only significant if p<0.05/6" 0.008. The third most significant result 










Table 2: Bonferroni correction for each significance value (p value) 
Significance rank (First is the Corrected p values for a =0.05 
smallest p value) 
First 0.05/7 = 0.007 
Second 0.05/6 = 0.008 
Third 0.05/5 = 0.01 
Fourth 0.05/4 = 0.0125 
Fifth 0.05/3 = 0.0167 
Sixth 0.03/2 = 0.025 
Seventh 0.05/1 = 0.05 
Entire survey region 
There was a significant negative correlation between integrated Chl-a concentration 
and MLD (r=-0.3605, p=0.011) (Figure 15) over the entire survey region. The 
correlation between integrated Chl-a concentration and phosphate concentration was 
significant (r=0.512, p=0.011). Integrated Chl-a concentration and temperature at 
10m (r = -0.586, p<0.001) was also significant. Integrated mesozooplankton 
abundance was correlated with MLD (r=-0.293, p=0.049) but after the Bonferronni 
correction, this result was not significant. Oxygen concentration correlated 
significantly with temperature at 10m (r=-0.32, p=0.028), with phosphate 
concentration (r=0.559, p<0.0001) and with nitrate concentration (r=0.656. 
p<0.0001). The correlation between phosphate concentration and nitrate 
concentration was highly Significant (r=0.8779, p<0.0001). Nitrate concentration and 
temperature at 10m correlated significantly (r=-0.882, p<0.0001). Phosphate 










Phosphate concentration and MLD correlated significantly (Fo-O.SSg, p<O.OOOI). 
Phosphate concentration and temperature at 10m correlated significantly (r=-0.764, 
p<O.OOOI) MLD and temperature at 10m (r=0.532, p<Q,OOlj also showed significant 
correlation. 
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F>gure 15, Scstter pbt showing the MLD verSuS Integrated Cn l-a concentration Over tile 
survey area 
Using the temperature and salinity characteristics of the different water masses 
stated earlier, the SUlVey region was divided into the three different water masses 
Statistical analyses were performed to determine if there were any significant 
relationships between the variables within and between the water masses. 
Between Water Masses 
In order to complete a one-way ANOVA test for differences between water mass 










for homogeneity of variance was completed (Appendix 2). Levene's test showed that 
the nitrate concentration had to be rejected for the ANOVA as the variances were 
significantly different (F=17.661, p<O.0001). The rest of the variables had similar 
variances and thus were included in the ANOVA. The ANOVA table for univariate 
results is located in the appendices (Appendix 3a and b). The multi-variate results 
showed significant differences between the water mass groups (F (14,72)=7.365, 
p<O.0001 ). 
The Tukey HSD test was performed on the selected variables in order to assess 
which groups showed significant differences between the water mass group means 
(Appendix 4). Mean phosphate concentration for Subantarctic water mass was 
significantly higher than Mixed water masses (p=O.0001) and Subantarctic water 
mass was significantly higher than the Subtropical (p=O.0001) water masses. Oxygen 
(mean) concentration in Subantarctic water mass was significantly higher than the 
Mixed water mass (p=O.0002) and also significantly higher than the Subtropical water 
mass (p=O.0001). Integrated Chl-a (mean) biomass in Subantarctic water mass was 
significantly higher than the Subtropical water mass (p<O.0001); Mixed water mass 
integrated Chl-a (mean) biomass was significantly higher than the Subtropical water 
mass (p=O.02). MLD (mean) was significantly shallower in the Subantarctic water 
mass compared to the Mixed water mass (p=O.02) and Subantarctic water mass 
MLD (mean) was also significantly shallower in comparison to Subtropical water 
mass (p<O.001) MLD (mean). 
Within water masses 
Within the Mixed water, the following significant correlations were detected; 
Phosphate concentration and silicate concentration (r=O.59, p=O.01); phosphate 
concentration and nitrate concentration (r=O.764, p<O.0001); phosphate 










following significant correlations; phosphate concentration significantly correlated to 
MLD (r=-O.063, p=O.018) and oxygen significantly correlated to integrated Chl-a 
(r=O.068, p=O.018). The Subantarctic water showed a significant correlation between 
phosphate concentration and nitrate concentration (r=O.843, p<O.0001). 










Chapter Four - Discussion and Conclusion 
Using the physical-chemical-biological data collected during the survey with the help 
of satellite data we are able to better understand the role that the STC has on the 
biological setting of this region. The results from the data analysis are discussed 
here. 
A. Variabilitv and position of STC shown bv satellite imagery and in-situ data 
The variability of the STC (Joyce and Patterson, 1977; Lutjeharms, 1985; Belkin and 
Gordon, 1996) in the south Indian Ocean sector of the Southern Ocean was 
confirmed during this study. The broader region (26 - 56°S, 26 - 56°E) showed high 
variability associated with the STC as a result of extensive meandering, pulsing 
and/or pinching off of cooler Subantarctic water masses northwards (Figure 3). The 
area between 36°S and 46°S and to the west of the region at 25°E - 500 E showed the 
most variability with an extensive train of meanders and filaments extending 
eastwards. The satellite data showed a decrease in SST in the survey region 
specifically to the north west of the survey region. A distinct plume or filament of 
cooler water was seen between 38-39°E. The feature developed from the 8th April 
and became very pronounced by the 1 th April and dissipated by the 24th April. The 
quick evolution and dissipation of this feature demonstrates the temporal intensity of 
the dynamics in the region. 
The in situ data confirmed that the STC position meandered considerably during the 
survey period. The STC is usually situated further north but during the survey the 
STC meandered south for the majority of the time. The STC was positioned further 
south than usual for this region as it is usually situated at approximately 41 oS (Belkin 










to correspond to the maximum wind stress curl in the Southern Ocean (Peterson and 
Stramma, 1991). A possible explanation for this southward movement may be due to 
the influence of other fronts or currents in the region. 
The Agulhas Retroflection Current (ARC) was present in the survey region, located to 
the north of the survey region, at 40 0 S and between 40 - 42°E. Belkin and Gordon 
(1996) found that the ARC and associated Agulhas Front (AF) forced the STC 
southwards to 42° - 43°S in this region. The SST gradient for the mean SST over 1 ih 
- 21 51 April across the STC was 0.04 °C/km at approximately 41°S and 38°E. The 
intensification along this section of the STC is attributed to the southward advection 
of the warm, saltier water from the juxtaposition of the ARC (Lutjeharms and 
Ansorge, 2001). The evidence found in this survey corroborates the theory that the 
position of the ARC influences the position and intensity of the STC. 
Another possible reason for the southward meander of the front may be due to the 
topography associated with the region. The South West Indian Ridge bisect the 
survey region diagonally (Figure 2). The interaction between the bottom topography 
and the geostrophic currents creates increased levels of meso-scale variability 
(Lutjeharms et aI., 2002) 
B. Anomaly events observed in the STC region 
There were two features evident along the 38 - 39° E transects - one being the 
warm core eddy-like feature and the other being the cold filament that was identified 
in the satellite data. The colder feature was observed at 38.75°E and was also seen 
in the satellite imagery (Figure 3). This feature was expressed in the density and 
Brunt Vaisala figures (Figures 9a and b). The colder region was associated with 










presented a more stable region, where the MLD remained between 20 and 60m. The 
geostrophic surface currents were weaker in this region. The temperature section 
along this transect showed that the cool 12°C water remained above 250m and the 
surface temperatures remained under 18°C at 40.75°S and again further north 
between 39.75°S and 38°S. The wind direction corresponded to the direction in 
which this cold feature propagated. The wind strength weakened during the survey 
and the wind direction was very changeable. The feature did not last for the length of 
the survey, hence it is inferred that the wind influenced or aided in the formation and 
maintenance of the filament/plume. Thus this colder water could have propagated 
northward by the intense wind event, prior to the survey. 
An area of warmer (14°C) and more saline (35.3psu) sub-surface water along 38°E 
between 39.5°S and 40.5°S was evident (Figures 6a and b). The satellite data 
showed an area of increased temperature to the west of the survey region, an eddy 
like feature. This warm feature was the eastern most part of an anti-cyclonic warm 
feature. 
The geostrophic currents further corroborate the SST findings with a distinct mixture 
of both anti-cyclonic and cyclonic flow associated with the filament extension. An 
anti-cyclonic flow was observed at the warm feature at approximately 400 S and 38°E 
and cyclonic circulation was associated with the cold feature. 
Morrow et al. (2004) stated that the STC plays a role in the eddy heat flux/transfer 
across the oceans through the detachment of meso-scale, cold-core eddies from the 
Subantarctic zone south of the STC. These eddies are responsible for moving colder 
Subantarctic water masses equator-wards or the detachment of meso-scale, warm-
core eddies advecting warm Subtropical waters polewards. A secondary role of these 










activity plays not only on the physics but also on the nature of the biological and 
physical-chemical structure (i.e. nutrients) in this area (Morrow et aI., 2004). 
The different water masses with the associated unique temperature, salinity and 
nutrient characteristics including Subantarctic water, Subtropical water and Agulhas 
water/Mixed water were evident in the survey region. The differences between these 
water masses are explored here. 
c. Biology and nutrient distribution and their association with water masses 
Spatially, a higher integrated Chlorophyll-a (Chi-a) concentration to the north-west, 
39°S and 38°E, and to the south east, below 42°S and 40-42°E, of the survey region 
was observed (Figure 11 a). A region of higher integrated mesozooplantkon 
abundance in the north-west of the survey region, 38 - 400 S and 38 - 39°E, was also 
observed (Figure 11 b). 
Integrated Chl-a concentration in Subantarctic water was significantly higher than in 
Subtropical waters. Integrated Chl-a concentration in Mixed water was significantly 
higher than in Subtropical water. Where the integrated Chl-a levels were higher, we 
might expect higher phytoplankton biomass. Integrated mesozooplankton abundance 
showed no significant difference between the water masses. An investigation into 
why the Subantarctic water mass exhibited a significantly higher phytoplankton 
biomass could be as a result of a number of reasons. Some of the more plausible 
reasons will be explored in this discussion. 
Subantarctic water had significantly higher oxygen and phosphate concentrations 
than Mixed (p<0.0001) and Subtropical (p<0.0001) water masses. The integrated 










We are therefore able to infer that the increased phytoplankton biomass could be 
influenced by the increased phosphate concentration occurring south of the STC. 
The associated oxygen concentration occurring south of the STC is likely to be as a 
result of the oxygen that is given off by the phytoplankton. The HNLC theory 
explained in the introduction states that the Subantarctic waters should have 
increased nutrients, observed here, but should have lower Chl-a concentration than 
that of the Subtropical water (Bathmann et ai., 2000). The results of this study for 
integrated Chl-a biomass are thus in conflict with the HNLC theory and hence we 
investigate the physical dynamics in search of clarification. 
D. Physical dynamic influence on nutrients and biology 
The availability of nutrients for phytoplankton production plays a role in determining 
the extent of the phytoplankton production (Read et ai., 2000). Read et al. (2000) 
stated that diatoms prefer high silicate to nitrate ratios. Blue-green algae are 
associated with low nitrate to phosphate ratios (Howarth, 1988) and dinoflagellates 
are associated with low nitrate to phosphate ratios (Margalef, 1978). Read et al. 
(2000) suggested that the nutrient ratio values in the surface waters are for the most 
part due to the uptake by phytoplankton whereas in deeper water due to re-
mineralisation processes. A study on phytoplankton assemblages carried out during 
the survey (conducted by Froneman et al. (2007)) showed that the surface Chl-a 
concentration was dominated by the pico and nano-size phytoplankton classes 
(between 81 % and 93% in total) and microphytoplankton contributed less than 10% 
of the total pigment. These smaller phytoplankton are usually more evident in regions 
where there are limited nutrients and stratification, where there are few silicates and 
other important nutrients such as iron for diatom growth. These smaller classes are 
able to use the recycled nitrogen and phosphorous from ammonia and urea for 










bloom state and that it was most likely in a state of mixing out and post bloom 
(Froneman et aI., 2007). Evidence of increased chl-a in the north-west of the survey 
region, associated with the cold filament, appeared to be part of a short-lived algal 
bloom. 
A major contributing factor to increased biological activity, particularly increases in 
phytoplankton biomass, is that of mixing across the frontal zone, where the warm, 
oligotrophic, nutrient poor and well stratified waters to the north of the STC interact 
with the cold, nutrient rich (except silicates), well-mixed water to the south (Weeks 
and Shillington, 1996). The influence of eddies play an important role in the 
transportation of heat, salinity, nutrients and influences the biological activity across 
the frontal zone (Froneman, 1999). The significantly higher integrated Chl-a 
concentration observed in the Mixed water (than Subtropical water) occurring in our 
survey region illustrates the importance of mixing across the frontal zone by 
distributing nutrients to a more stable environment. 
A recent study by Sokolov and Rintoul (2007) demonstrated that the ACC interacts 
with the bottom topography and, through upwelling, initiates algal blooms. 
Furthermore, nutrients (particularly iron) and Chl-a biomass are said to be advected 
horizontally and the system is able to retain nutrients for long periods (Sokolov and 
Rintoul, 2007). 
The stratification of the water has been identified as one of the most important factors 
in limiting algal growth in oceanic regions (Llido et aI., 2005). Nelson and Smith 
(1991) have argued that the lack of stability and mixing leads to light limitation. Llido 
et al. (2005) stated that strong vertical stratification occurred with a decrease in MLD. 
In this survey, the correlation between integrated Chl-a concentration and MLD was 










influences the growth of phytoplankton. Figure 15 shows the relationship between 
integrated Chl-a and MLD. Integrated Chl-a concentration was negatively correlated 
to MLD, thus when the MLD deepens, mixing increases and the Chl-a concentration 
decreases. The mean MLD in Subantarctic water (26.5m) was observed to be 
significantly shallower than in the Subtropical (5B.2m) and Mixed water (46.Bm) 
(p<0.001). The Subantarctic water, although nutrient rich, remains low in Chl-a 
concentration usually, but our survey presents results to the contrary. This may be 
because this specific water mass is stratified and therefore the phytoplankton are not 
limited by light. 
A study of the trophodynamics of mesozooplankton in the region was conducted 
during our survey (Daly, 200B) and the mesozooplankton ingestion rates for the 
selected mesozooplankton species (65% of mesozooplankton abundance) ranged 
from 147 to 5495 ng [pig,] nd/day. Daly (200B) stated that the combined grazing 
impact ranged from 1.6 to 190 % of the integrated production and the highest values 
were recorded at the stations where the salp (Sa/pa thompsoni) and the pteropod 
(Limacina retroversa) numerically dominated the mesozooplankton counts. The 
mesozooplankton abundance and associated grazing are one of the controlling 
factors of algal population growth rate. The grazing impact in the survey region 
however, would have been negligible as they are not able to efficiently feed on the 
pico and nano-phytoplankton (Froneman, P.W., pers. comm.). The observed lack of 
relationship between the mesozooplankton and most of the variables (excludes 
negative correlation between mesozooplankton and MLD) including integrated Chl-a 
over the entire region further demonstrates that the mesozooplankton grazing impact 
was very likely to be negligible. 
Martin et al. (1990) suggested that phytoplankton production is limited by the amount 










off along coasts and some through the mixing up of bottom sediments (Sullivan et aI., 
1993). The Southern Ocean is generally considered to be an area of low iron 
concentration. This could be the reason for the limited phytoplankton production in 
the region. Iron was not measured during this survey and hence one cannot gauge 
whether or not the survey region was iron limited. 
E. Suggestions and problems concerning the study 
One of the major problems of in situ data collection is that data collected presents a 
single snapshot of the region and that of the synopticity effect. It is difficult to get a 
good understanding of the processes occurring through the water column in the 
region when the processes are constantly changing as one is conducting a survey 
(Martin, 2005; Read et aI., 2000). The grazing impacts of macrozooplankton and 
microzooplankton have not been assessed here and would be a future area for 
research. An ADCP current meter would be a good addition to future studies of this 
nature. The ADCP would aid in understanding the complex currents at a finer scale. I 
would suggest that a mooring be placed in the region. It will prove challenging to 
design a mooring to be placed in this tumultuous location, but it would be ideal for 
measuring the important variables on a constant base and throughout the water 
column. I would suggest iron sampling be conducted over the survey region. 
Additionally, a finer resolution of wind data and light intensity down the water column 
would have aided in some of the understanding of the processes occurring in the 
region. 
In conclusion, phytoplankton form the basis of the marine food web and are thus of 
immense importance in the pelagic ecosystem of the Southern Ocean (Lutjeharms, 
1985; Dower and Lucas, 1993; Laubscher et aI., 1993; Weeks and Shillington, 1994). 










global climate through the heat and mass exchange across the oceans and 
associated biologically driven carbon sink (Gille, 2002; Dower and Lucas, 1993). It is 
for these reasons that further investigation into understanding the dynamics in this 
region are highly important. In this study, the results showed how important the MLD 
is in determining the Chl-a concentration. Furthermore, the intense mixing in the 
area, associated with deeper MLDs, possibly aided by an intense weather event, 
hinder the ability of the phytoplankton to reproduce. This study highlights that 
perhaps the phytoplankton blooms during austral autumn in this region consist of 
smaller and shorter blooms with nano- and pico-phytoplankton dominating the region. 
The survey demonstrated that the location of the STC is influenced by the proximity 
of the ARC (Lutjeharms and Ansorge, 2001). Mixing across the STC provides an 
exchange of essential nutrients to the nutrient poor but well-stratified Subtropical 
waters thereby stimulating an increase in Chl-a concentration. The evidence suggests 
that the major factors in controlling Chl-a concentration at the STC are MLD and nutrient 
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Appendix 1: Matrix showing the correlation values (r-values) and significance levels (p-values) of the variables measured across the region. 
Correlations (Integrated_Nutrients) Marked correlations are significant at p < .05000 N=45 (Casewise deletion of missing data) 
Phosphat Nitrates Silicates Oxygen Integrated Chl-a Mixed layer Depth 
Transformed 
Temperature at 
es (uM) (uM) (uM) (mill) (mg chl-a.m-2) (DeBoyer Definition) 
Mesozooplankton (Root 10m (Surface) 
Root) 
Phosphates (uM) 1.0000 .8779 .3463 .5589 .5122 -.5899 .0001 -.7647 
p= --- p=.OOO p=.020 p=.OOO p=.OOO p=.OOO p=1.00 p=.OOO 
Nitrates (uM) .8779 1.0000 .1514 .6568 .4511 -.4584 -.0508 -.8819 
p=.OOO p= --- p=.321 p=.OOO p=.OO2 p=.OO2 p=.740 p=.OOO 
Silicates (uM) .3463 .1514 1.0000 -.2275 -.0014 -.0851 .0794 .0692 
p=.020 p=.321 p= --- p=.133 p=.993 p=.578 p=.604 p=.652 
Oxygen (mill) .5589 .6568 -.2275 1.0000 .3374 -.3605 -.1238 -.6118 
p=.OOO p=.OOO p=.133 p= --- p=.023 p=.015 p=.418 p=.OOO 
Integrated Chl-a (mg chl-
.5122 .4511 -0014 .3374 1.0000 -.3741 .1636 -.5861 a.m-2) 
p=.OOO p=.OO2 p=.993 p=.023 p= --- p=.011 p=.283 p=.OOO 
Mixed layer Depth 
-.5899 -.4584 -.0851 -.3605 -.3741 1.0000 -.2950 .5325 (DeBoyer Definition) 
p=.OOO p=.OO2 p=578 p=.015 p=.011 p= --- p=.049 p=.OOO 
Transformed 
Mesozooplankton (Root .0001 -.0508 .0794 -.1238 .1636 -.2950 1.0000 -.0547 
Root) 
p=1.00 p=.740 p=.604 p=.418 p=.283 p=.049 p= --- p=.721 
Temperature at 10m 
-.7647 -.8819 .0692 -.6118 -.5861 .5325 -.0547 1.0000 
(Surface) 











Appendix 2 Levene's test for homogeneity of variances for the variables across all groups 
Levene Test of Homogeneity of Variances (Integrated_Nutrients) Marked effects are significant at p < .05000 
SS - Effect df - Effect MS - Effect SS - Error df - Error MS - Error F p 
Phosphates (uM) 0.0333 2 0.0166 0.852 42 0.0203 0.81994 0.447385 




Silicates (uM) 0.4451 2 0.2225 45.902 42 1.0929 0.20362 0.816570 
Oxygen (mill) 0.0664 2 0.0332 4.869 42 0.1159 0.28633 0.752467 
Integrated Chl-a (mg chl-a.m·2) 111.3811 2 55.6905 638.403 42 15.2001 3.66383 0.034146 
Mixed layer Depth (DeBoyer Definition) 642.0913 2 321.0457 5699.449 42 135.7012 2.36583 0.106267 











Appendix 3(a) Matrix showing the ANOY A test for differences between water mass groups' means (univariate) 
Analysis of Variance (Integrated_Nutrients) Marked effects are significant at p < .05000 
SS - Effect df - Effect MS - Effect SS - Error df - Error MS - Error F p 
Phosphates (uM) 2.403 2 1.202 2.18 42 0.0518 23.17970 0.000000 
Nitrates (uM) 723.311 2 361.656 277.05 42 6.5965 54.82510 0.000000 
Silicates (uM) 1.716 2 0.858 88.36 42 2.1039 0.40770 0.667782 
Oxygen (mill) 10.169 2 5.084 12.56 42 0.2991 16.99791 0.000004 
Integrated Chl-a (mg chl-a.m-2) 834.390 2 417.195 1760.81 42 41.9241 9.95121 0.000290 
Mixed layer Depth (DeBoyer Definition) 6954.181 2 3477.090 17737.31 42 422.3170 8.23337 0.000962 
Transformed Mesozooplankton (Root Root) 7.344 2 3.672 521.12 42 12.4076 0.29595 0.745365 
Appendix 3(b) Matrix showing the ANOYA test for differences between water mass groups' means (multivariate) 
Multivariate Tests of Significance (Integrated_Nutrients.sta) Sigma-restricted parameterization Type I decomposition 
Intercept 
Water Mass Group 





















Appendix 4 (a-g) Tables showing the results of the Tukey HSD test of significant difference between water mass groups' variable means 
(a) Phosphates 
Tukey HSD test; variable Phosphates (uM) Approximate Probabilities for Post Hoc Tests Error: Between MS = .05184, df = 42.000 











Tukey HSD test; variable Oxygen (mill) Approximate Probabilities for Post Hoc Tests Error: Between MS = .29912, df = 42.000 
Water Mass Group {1} - 6.4580 {2} - 5.5390 {3} - 5.2972 
1 Sub-Antarctic 0.000214 0.000123 
2 Mixed 
3 Sub-tropical 

























(d) Mixed Layer Depth 
Tukey HSD test; variable Mixed Layer Depth (DeBoyer Definition) Approximate Probabilities for Post Hoc Tests Error: Between MS = 422.32, df = 42.000 
Water Mass Group {1} - 26.478 {2} - 46.886 {3} - 58.204 
1 Sub-Antarctic 0.024709 0.000812 
2 Mixed 
3 Sub-tropical 




Tukey HSD test; variable Transformed Mesozooplankton (Root Root) Approximate Probabilities for Post Hoc Tests Error: Between MS = 12.408, df = 42.00 
Water Mass Group {1} -13.258 {2} - 13.686 {3} -12.721 







Tukey HSD test; variable Silicates (uM) Approximate Probabilities for Post Hoc Tests Error: Between MS = 2.1039, df = 42.000 
Water Mass Group {1} - 4.6335 {2} - 5.0836 {3} - 4.7559 


















Tukey HSD test; variable Nitrates (uM) Approximate Probabilities for Post Hoc Tests Error: Between MS = 6.5965, df = 42.000 




















Appendix 5 a, b & c Matrix showing the correlation values (r-values) and significance levels (p-values) of the variables measured at the Sub-
Antarctic, Mixed and Subtropical water masses. 
(a) Sub-Antarctic water mass correlation matrix 
Water Mass Group=Sub-Antarctic Correlations Marked correlations are significant at p < .05000 N=13 (Casewise deletion of missing data) 
Phosphates Nitrates Silicates Oxygen Integrated Chl-a Mixed layer Depth Transformed Mesozooplankton 
(uM) (uM) (uM) (mill) (mg chl-a.m-2) (DeBoyer Definition) (Root Root) 
Phosphates (uM) 1.0000 .8434 .6298 4892 4159 .3110 -.3766 
p= --- p=.OOO p=.021 p=.090 p=.158 P=.301 p=.205 
Nitrates (uM) .8434 1.0000 .6713 .5054 .2689 4038 -.6563 
p=.OOO p= --- p=.012 p=.078 p=.374 P=.171 p=.015 
Silicates (uM) .6298 .6713 1.0000 .0388 -.1895 .5276 -.5885 
p=.021 p=.012 p= --- p=.900 p=.535 P=.064 p=.034 
Oxygen (mill) 4892 .5054 .0388 1.0000 .2955 -.0654 .0056 
p=.090 p=.078 p=.900 p= --- p=.327 P=.832 p=.985 
Integrated Chl-a 
4159 .2689 -.1895 .2955 1.0000 .0907 -.0248 
(mg chl-a.m-2) 
p=.158 p=.374 p=.535 p=.327 p= --- P=.768 p=.936 
Mixed layer Depth 
(DeBoyer .3110 4038 .5276 -.0654 .0907 1.0000 -.5695 
Definition) 
p=.301 p=.171 p=.064 p=.832 p=.768 P= --- p=.042 
Transformed 
Mesozooplan kton -.3766 -.6563 -.5885 .0056 -.0248 -.5695 1.0000 
(Root Root) 











(b) Mixed water mass correlation matrix 
Water Mass Group=Mixed Correlations (Integrated_Nutrients.sta) Marked correlations are significant at p < .05000 N=18 (Casewise deletion of missing data) 
Phosphate Nitrates Silicates Oxygen Integrated Chl-a Mixed layer Depth 
Transformed 
s (uM) (uM) (uM) (mill) (mg chl-a.m-2) (DeBoyer Definition) 
Mesozooplankton (Root 
Root) 
Phosphates (uM) 1.0000 .7644 .5901 -.0032 .1101 -.6847 .2065 
p= --- p=.OOO P=.010 p=.990 p=.664 p=.OO2 p=.411 
Nitrates (uM) .7644 1.0000 .2559 .0687 -.2723 -.3712 .1325 
p=.OOO p= --- P=.305 p=.787 p=.274 p=.129 p=.600 
Silicates (uM) .5901 .2559 1.0000 -.3459 .1177 -.2160 .4293 
p=.010 p=.305 P= --- p=.160 p=.642 p=.389 p=.075 
Oxygen (mill) -.0032 .0687 -.3459 1.0000 -.2781 -.1828 -.3071 
p=.990 p=.787 P=.160 p= --- p=.264 p=.468 p=.215 
Integrated Chl-a (mg chl-
.1101 -.2723 .1177 -.2781 1.0000 -.3004 .3143 a.m-2) 
p=.664 p=.274 P=.642 p=.264 p= --- p=.226 p=.204 
Mixed layer Depth 
-.6847 -.3712 -.2160 -.1828 -.3004 1.0000 -.0077 (DeBoyer Definition) 
p=.002 p=.129 P=.389 p=.468 p=.226 p= --- p=.976 
Transformed 
Mesozooplankton (Root .2065 .1325 .4293 -.3071 .3143 -0077 1.0000 
Root) 











(c) Sub-tropical water mass correlation matrix 
Water Mass Group=Sub-tropical Correlations (Integrated_Nutrients.sta) Marked correlations are significant at p < .05000 N=14 (Casewise deletion of missing 
data) 
Phosphate Nitrates Silicates Oxygen Integrated Chl-a Mixed layer Depth 
Transformed 
Mesozooplankton (Root s (uM) (uM) (uM) (mill) (mg chl-a.m-2) (DeBoyer Definition) Root) 
Phosphates (uM) 1.0000 .2248 .4900 -.1391 .2615 -.6304 -.0356 
p= --- p=.440 P=.075 p=.635 p=.367 p=.016 p=.904 
Nitrates (uMJ .2248 1.0000 -.1199 -.3650 -.2880 -.4605 .5133 
p=.440 p= --- P=.683 p=.199 p=.318 p=.097 p=.060 
Silicates (uM) .4900 -.1199 1.0000 -.4155 .1181 -.4948 .0759 
p=.075 p=.683 P= --- p=.140 p=.688 p=.072 p=.797 
Oxygen (milL) -.1391 -.3650 -.4155 1.0000 .6215 .2481 -.1514 
p=.635 p=.199 P=.140 p= --- p=.018 p=.392 p=.605 
Integrated Chl-a (mg chl-
.2615 -.2880 .1181 .6215 1.0000 -.0294 -.0421 a.m-2) 
p=.367 p=.318 P=.688 p=.018 p= --- p=.921 p=.886 
Mixed layer Depth 
-.6304 -.4605 -.4948 .2481 -.0294 1.0000 -.5224 (DeBoyer Definition) 
p=.016 p=.097 P=.072 p=.392 p=.921 p= --- p=.055 
Transformed 
Mesozooplankton (Root -.0356 .5133 .0759 -.1514 -.0421 -.5224 1.0000 
Root) 











Ap(><.'ooi .. 6 (3 .t) Vcnica l ~Iions o r Silicate. (h)'gen. Nitmtc. Phosphate ~x>"cen1rluions und 1<:1o (><.'ratu ..... nK'usured ulon~ 1mn~L' 1 _ 6 (mll» 
shows 1hl: locll.ion or .hl: :;O:<':I;on). 
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